The evolutionary theory of aging predicts that longevity will decline via drift or age-specific tradeoffs when selection favors early life fitness [1] [2] [3] . Many Drosophila melanogaster populations continually terminated at young adult ages retain surprisingly long postselection lifespans. We compiled three decades of longevity data from the Ives population, demonstrating that postselective longevity was both substantial (30 days) and temporally stable over this period. Recently, alleles with positive pleiotropic effects between adjacent ages, particularly those affecting overall condition, have been integrated into the theory [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and may explain the extended longevity observed. We experimentally tested this hypothesis by isolating 20 hemiclones [14] from Ives and allowing spontaneous mutations to accumulate (MA) for 35 generations. Fitness and longevity were positively genetically correlated in control females, and both traits declined due to MA. Crucially, MA induced a strong positive genetic correlation between the traits in both sexes, implying that mutations with early-life impacts also reduce late-life survival. Our results suggest that extended postreproductive longevity is actively maintained by selection for early-life fitness via positive pleiotropy and is not a merely a byproduct of exhaustion of genetic variation or weak drift. Thus mutation-selection balance for early fitness may govern variance in longevity in this system: a balance struck remarkably long after selection for continued survival ceases.
The evolutionary theory of aging predicts that longevity will decline via drift or age-specific tradeoffs when selection favors early life fitness [1] [2] [3] . Many Drosophila melanogaster populations continually terminated at young adult ages retain surprisingly long postselection lifespans. We compiled three decades of longevity data from the Ives population, demonstrating that postselective longevity was both substantial (30 days) and temporally stable over this period. Recently, alleles with positive pleiotropic effects between adjacent ages, particularly those affecting overall condition, have been integrated into the theory [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and may explain the extended longevity observed. We experimentally tested this hypothesis by isolating 20 hemiclones [14] from Ives and allowing spontaneous mutations to accumulate (MA) for 35 generations. Fitness and longevity were positively genetically correlated in control females, and both traits declined due to MA. Crucially, MA induced a strong positive genetic correlation between the traits in both sexes, implying that mutations with early-life impacts also reduce late-life survival. Our results suggest that extended postreproductive longevity is actively maintained by selection for early-life fitness via positive pleiotropy and is not a merely a byproduct of exhaustion of genetic variation or weak drift. Thus mutation-selection balance for early fitness may govern variance in longevity in this system: a balance struck remarkably long after selection for continued survival ceases.
Results and Discussion
The cornerstone of the evolutionary theory of aging is the decline in the strength of natural selection with increasing age [3, 15] , which predicts that two categories of allelic variation will cause senescence. First, deleterious alleles that are only expressed late in life are freer to accumulate, relative to those with early-life impact; this is the mutation-accumulation model attributed to Medawar [1] . Second, alleles that increase early-life reproductive success but reduce longevity as a pleiotropic consequence can be favored; this is the antagonistic pleiotropy model suggested by Williams [2] . An extensive body of experimental work, particularly with demographic selection in the fruit fly Drosophila melanogaster, has tested, and supported, these predictions. Using demographic selection, Drosophila have been evolved forward and backward for aging-related traits, demonstrating patterns consistent with both antagonistic pleiotropy and mutation accumulation (e.g., [16] [17] [18] ). The most straightforward and productive design employs discrete generations of varying duration, with eggs collected only during a brief window at the end of each generation. In terms of Hamilton's mathematical treatment of the evolutionary theory of aging [15] , the force of natural selection in such a population declines abruptly from 100% to zero immediately after a new generation is initiated from eggs. Alleles favoring net fitness at the edge of this Hamiltonian cliff will be favored, whether or not they impart fitness costs at earlier or later ages. While the power and fine-tuning capacity of selection have been showcased in this work (reviewed in [19] ), there is one rarely visited anomaly: even after hundreds of generations of selection for early reproduction, outbred fruit flies typically have extraordinarily long lives. For example, although some researchers maintain base fly stocks with overlapping generations, much of the aging research has begun with base populations previously kept on 2-week, discrete generation culture for an extended period of time [20] . In the course of experiments with other objectives, we were struck by the fact that recent longevity assays of the Ives (IV) and IV-derived B populations in our lab, populations that have been maintained on the same 2-week protocol (reproduction at 4-5 days of adult age) since 1981, yielded similar values to those from decades earlier (see data below). Review of published data revealed that multiple outbred laboratory populations of D. melanogaster kept on short, discrete generation regimes also survive 4-5 weeks after the age when selection for continued survival ceases (e.g., [21] [22] [23] [24] [25] ). This surplus longevity presents a paradox for the evolutionary theory that has received only cursory attention. Here we present evidence that (1) confirms our observation that longevity has been stable in the IV system for three decades and (2) suggests that this longevity is sustained by a correlated effect of direct selection.
Does Longevity Decline with Long-Term Domestication?
First, we wanted to confirm the stability of longevity over long time periods of continuous selection. Aware of the caveat that experiment-to-experiment variation in mean longevity can be substantial due to variation in environmental conditions, we compiled 30 years of published longevity data for the IV and B populations. Data employed come from assays using similar experimental designs as much as possible (Supplemental Experimental Procedures and Table S1 available online). Despite the potential for noise, we found that longevity has remained remarkably constant for both males (r 2 = 0.0067, slope = 20.0626, p = 0.7169) and females (r 2 = 0.0053, slope = 0.0605, p = 0.7307; Figure 1 ) with no detectable decline. With a mean posteclosion longevity (61 SE) of 34.43 days (61.50) for males and 34.65 days (61.57) for females and a development time of 9-10 days in the stock, the estimated surplus longevity is 30 days.
Early in the experiments of Rose and colleagues on these lines, surplus longevity was attributed to the supposition that all of the variation with antagonistic pleiotropic effects was purged from short-generation populations [26] ; finite population size limited the standing genetic variation, creating a fixed floor for longevity reduction. But later longevity evolution experiments employing these and derivative lines showed that antagonistic pleiotropic variation was far from exhausted *Correspondence: c.kimber@queensu.ca [27] [28] [29] . Over hundreds of generations, finite populations should accumulate mutations via genetic drift and decline in longevity. Such decline is not detectable in the temporal correlation analysis that we employed, nor have experimental crosses between B populations yielded the longevity gains predicted if mutation accumulation had proceeded via drift in these allopatric replicate populations [27] . The absence of longevity improvement in hybrids (presumed heterozygous at loci which had accumulated recessive aging mutations via drift) has been presented as evidence that drift is very weak in these populations, where N e may be in the neighborhood of 10 3 . We cannot refute this suggestion, but here explore another hypothesis for sustained postreproductive longevity: that natural selection is actively maintaining such surplus longevity via alleles with positively correlated effects on fitness components in widely separated age classes.
Positive Pleiotropy Can Maintain Extended Postselection Lifespan
Alleles with positive pleiotropy for fitness-related traits between age t and age t + 1 are axiomatic because changes in physiological state are not instantaneous [5] , as supported by genetic [6] and phenotypic [30] [31] [32] [33] evidence from Drosophila. A modified mutation-accumulation theory of aging has been proposed recently, wherein effects span multiple age classes and mutations deleterious in late life could show weak but nontrivial deleterious early fitness effects [4, [7] [8] [9] 34] . But do such positive relationships extend far enough to explain the postselective lifespan of a month or more in our Drosophila?
To directly test the positive pleiotropy hypothesis, we undertook large-scale experiments to measure the standing genetic variance in both early fitness and longevity in the IV population and to assess the impact of spontaneous mutations on these characters. If positive pleiotropy protects surplus longevity, then we predicted that we would find at least a weak positive Measurements of sex-specific longevity in IV between 1982 and 2011 were taken from the literature and the authors' own experiments. There was no significant change in mean longevity over 30 years for either (A) males or (B) females. Error bars represent 6 1 SE where available. Experimental designs varied between measurements. See also Table S1 . a Though the 95% CI of the regression slope for C females overlaps 0, the slope is significantly positive (p = 0.029).
genetic correlation between the two traits in the standing genetic variation and that this positive relationship would be strengthened if mutations were experimentally introduced. We sampled 20 haploid genomes from IV via cytogenetic cloning [14] , which allows maintenance and transmission of intact hemiclone genomes in any number. We subjected each hemiclone to 35 generations of mutation accumulation via single-spermatozoon bottlenecking and maintained the original hemiclones at moderate population size as controls. Expressing these genomes in outbred flies of both sexes, we measured adult fitness using a protocol designed to carefully mimic standard IV culture conditions and longevity using a protocol that created social and dietary characters relevant to the environment of evolution. All environmental factors were rigorously controlled.
Data from the standing genetic variation generally supports the positive pleiotropy hypothesis of surplus longevity in the Ives population. Control (C) female hemiclones revealed a strong, significant positive relationship between early adult fitness and longevity (Table 1 and Figure 2 ). This pattern suggests that selection for early fitness would act to increase longevity via a positive genetic correlation between the traits. Data from C male hemiclones was equivocal, with no detectable relationship between early fitness and longevity across genotypes (Table 1 and Figure 2 ). Male fitness has always been harder to measure and more sensitive to genetic and environmental factors than female fitness has been in our experience. Males showed much higher levels of residual variance (CV E ) relative to females, resulting in lower estimates of heritability (Table S2 ). This pattern has been observed previously in a different set of IV-derived haploid genomes [35] and for IV-derived X chromosomes [36] . Fitness may also be more weakly structured because males may contribute sperm at any time prior to the day of egg laying, whereas females are bound to be alive and fertile until that time. While the control data are supportive or equivocal, depending upon sex, our hypothesis hinges most crucially upon longevity being sustained via continuous selection against new spontaneous mutations. Hence the results from the mutation-accumulation (MA) treatment are of prime importance.
Pooling across clone lines, MA mean male adult fitness (reported as the net reproductive output of five flies, as assayed, 61 SE) was significantly lower than that of C males (MA, 4.42 6 0.60; C, 8.54 6 0.60; F 1,19.06 = 29.47; p < 0.0001), controlling for line, and its interaction with treatment as random effects. The same pattern was seen in MA versus C female mean adult fitness (MA, 7.54 6 0.59; C, 9.99 6 0.59; F 1,19.08 = 22.59; p = 0.0001). The greater decline in males (48%) than females (25%) reinforces prior observations that male fitness is much more sensitive to MA than female fitness is [36, 37] ; this is believed to be the result of more intense net selection acting upon males due to sexual selection. Mean longevity (61 SE) was significantly reduced by the MA treatment in both males (MA, 30.50 6 0.84 days; C, 33.02 6 0.84 days; F 1,19.01 = 6.88; p = 0.017) and females (MA, 29.91 6 0.49days; C, 31.88 6 0.49 days; F 1,18.94 = 6.28, p = 0.022). Importantly, there was a significant positive genetic correlation between early fitness and longevity in both sexes after MA (Table 1 and Figure 2 ). Mutations that decrease longevity do occur, but they come with a substantial cost to early adult fitness; selection against these mutations early in life should prevent erosion of what we have called surplus longevity.
While some published measures of positive correlations between early reproduction and later fitness may be spurious due to inbreeding [38, 39] or complete chromosomal homozygosity [40] , the modified mutation-accumulation theory suggests the possibility of positive pleiotropy between early fitness and longevity evolving in outbred populations [7] [8] [9] 34] . However, most empirical evidence implies that those windows of allelic effect are narrow [4, [6] [7] [8] . The ''surplus'' longevity of 30 days measured in IV suggests that the positive relationship can have a much wider window of phenotypic effect. The positive pleiotropy that we document here may be mediated by selection favoring alleles associated with increased whole-organism quality or condition. Sexual selection, either acting on secondary male traits that are dependent on condition or acting more generally on male physiological robustness [41] , could favor alleles which also promote longer lifespans [12] . Data from inbreeding, visible markers, and MA in D. melanogaster show that males are particularly susceptible to genetic stresses on condition because of stronger total Thick black regression lines represent trait relationships for measured means (solid, significant; dashed, nonsignificant). Thin gray regression lines represent trait relationships for 10,000 fitness-longevity matrices generated by sampling of longevity and fitness values for each genotype from the distribution of bootstrapped means and then resampling of those matrices with replacement, to account both for trait variation within genotypes and for variation in the IV population that genotypes are a subsample of. For visual clarity, only those lines falling within the 95% CI for r 2 are displayed.
selection [35] [36] [37] 42 ]. Selection on males should then be particularly important in maintaining surplus longevity and may help to explain why positive pleiotropy was not detected in control males if it is particularly efficient, though selection on condition via female fecundity is also expected to play a significant role. Theory suggests that high condition will lead to increased longevity because extrinsic mortality is lower for high-condition individuals [10, 11, 43] . While lab longevity assay environments are relatively benign, it is possible that greater robustness improves survival when competing for space and resources and being physically moved en masse into new vials daily. Experimental evolution in nematodes resulted in increased lifespan when high extrinsic mortally was induced in a condition-dependent rather than random fashion and suggested that selection favoring high condition can maintain or extend lifespan without a fecundity tradeoff, though tradeoffs with other unmeasured fitness components may still have occurred [13] . The pleiotropic relationship between early-life fitness and longevity will likely vary widely across taxa due to differences in life history and the genetic architecture underlying the two traits [12] .
The maintenance of extended lifespan in a selective vacuum beyond the Hamiltonian cliff presents a puzzle not obviously resolved by extant evolutionary theory. In humans and other animals with cooperation and parental care, kin selection (e.g., the ''granny hypothesis'' of Williams [2] ) may offer a solution to the riddle of postreproductive lifespan. But flies don't care for their young and offer a simpler solution: rather than being restricted to immediately adjacent ages, bands of positive pleiotropy between immediate fitness and future survival are very broad. At the very least, the positive relationship means that selection against early-effect spontaneous mutations (i.e., a mutation-selection balance) has the effect of dramatically slowing the predicted decline in longevity in short-generation treatments to the point of being imperceptible over decades of constant evolution in Drosophila. This suggests a genetic architecture in which currently selected expression patterns carry long-term consequences for survival. Beyond fruit flies in labs, such associations may help explain why some taxa exhibit substantial longevity beyond reproductive age, but also opens up the question of why others evolve semelparity.
Experimental Procedures
For a more detailed explanation of all experimental procedures and analysis, please see the Supplemental Experimental Procedures.
IV Population
All the flies sampled for experimental use were derived from a population of Drosophila melanogaster known as Ives (IV). IV was founded from 200 pairs sampled in 1975 in Amherst, Massachusetts [44] . Since 1981, the laboratory IV population has been maintained as a large, outbred discrete-generation stock on a 14-day cycle with a population size of at least 1,000 individuals per generation, using a culture protocol that has remained largely unaltered [45] . All competitor flies were from the genetically similar IV bw population, created by backcrossing of a recessive brown-eyed marker (bw 1 ) into IV and maintained using identical protocols.
Cytogenetic Cloning and Mutation-Accumulation Protocol
The hemiclone system allows the sampling and maintenance of intact haploid genomes, without independent assortment or recombination [14] . Twenty different haploid genomes were sampled from IV, and each of these genomes was used to found both C and MA lines that were identical at the outset of the mutation-accumulation process.
In brief, each of the 20 MA lines was propagated through a single-spermatozoon (ergo single-male, single-genotype) bottleneck each generation. This minimizes selection against any new germline mutation expressed early in life, excepting those causing sterility or death of males. The MA lines were subject to this culture protocol for 35 generations, after which they were maintained in a manner identical to the C lines prior to experimental use. The C lines were maintained as larger populations on a low temperature extended 6-week cycle to reduce generation number, limiting the opportunity for accumulation of mutations.
Outbred, wild-type experimental flies of both sexes were created by expressing the C and MA haploid genomes heterozygously along with random haploid genomes from the IV population after 35 generations of MA. This is facilitated by forcing patrilineal inheritance of the X chromosome in the creation of male experimental flies. Crosses to create experimental flies replicated a typical IV culture environment.
Fitness and Longevity Assays
Adult fitness was measured in an assay designed to mimic standard IV culture conditions while allowing identification of offspring produced by the target hemiclone genotypes. In brief, we collected hemiclones just after ecolsion and transferred them in groups of five, separately by sex, into age-synchronized typical IV bw culture vials. The target/competitor vials were subjected to a simulated IV culture on day 14 and allowed to lay; the number of red-eyed progeny in each vial is the measure of cumulative reproductive success of the five target parents transplanted in the previous generation. Each treatment/line/sex combination was replicated 30 times for 2,400 vials total.
Longevity was measured using an assay designed to capture the stresses and energy expenditures associated with courtship and reproduction in a mixed-sex moderate-density environment like IV typically experiences. In each vial, 30 target flies of one sex were housed with 30 IV bw flies of the opposite sex at the outset, on standard food medium. All flies were transferred daily to fresh medium, and mortality was scored by recording of the sex and eye color of any flies remaining stuck on the old food surface. Density was controlled via a weekly replacement of all lost flies with age-synchronized IV bw flies of the same sex (up to 5 weeks; 5-week-old flies used thereafter). Each treatment/line/sex combination was replicated five times (150 target flies) for a total of 400 vials.
Statistical Analysis
Analyses were performed using R 2.15.1 and JMP 10.0.0. We estimated genetic variation and heritability for both fitness and longevity by fitting a random-effects ANOVA to each treatment/sex combination, using line as the only factor. Effects of MA on population-level trait means were analyzed using two-factor ANOVAs controlling for variation between clone lines, with treatment as a fixed effect and line as a random effect. Intertrait correlations used a modified regression bootstrap to generate confidence intervals; details are provided in the Supplemental Experimental Procedures.
Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures, one figure, and two tables and can be found with this article online at http://dx.doi.org/10.1016/j.cub.2013.09.049.
